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FAST PYROLYSIS PROCESS INTENSIFICATION: STUDY OF 
THE GAS PHASE RESIDENCE TIME DISTRIBUTION AND 
BACKMIXING IN A DOWNER REACTOR 
Martin Huard, Franco Berruti and Cedric Briens 
Institute for Chemicals and Fuels from Alternative Resources (ICFAR) 
The University of Western Ontario 
22312 Wonderland Road North, N0M 2A0, Ilderton, Ontario, Canada 
ABSTRACT 
A downer reactor was developed at ICFAR to maximize the liquid yield of pyrolysis in 
the conversion of biomass and heavy oil feedstock. An experimental study using hot 
wire anemometers was performed to measure the residence time distribution of the 
gas phase in the reactor and around the gas-solids separator. Some gas backmixing 
was observed around the gas-solids separator, which decreased with increasing 
distance between the separator and the gas outlet. 
INTRODUCTION 
The Institute for Chemicals and Fuels from Alternative Resources (ICFAR) is 
developing and testing reactor technology for the conversion of biomass and heavy 
oil feedstocks to useful bio-oil, bio-char, syngas, and other valuable chemical 
products via pyrolysis. Among the various biomass conversion processes developed 
at ICFAR, a downer reactor was designed and manufactured for the pyrolysis of 
biomass and heavy oil feedstocks to maximize the liquid yield. The downer 
configuration was selected over other reactor types for careful control of thermal 
cracking reactions and gas-solid contact times. To achieve these goals, a novel gas-
solids separator was developed and tested (1,2) specifically for the downer to quickly 
and efficiently separate heat-bearing sand particles from product vapors. The 
purpose of this study is to ensure that the separator does not introduce excessive 
gas backmixing, which would degrade the downer performance. 
Several gas phase RTD studies have previously been performed in circulating 
fluidized bed (CFB) riser reactors (3,4,5,6). Most authors reported significant gas 
backmixing in the riser and increased backmixing with increasing solids flux. 
However, only Brust and Wirth (7) measured gas backmixing in a downer reactor 
and found that backmixing was reduced at high gas velocities. Hence, in the present 
study, the gas residence time distribution (RTD) and backmixing in the downer 
reactor and around the gas-solids separator were investigated in the absence of 
solids. A simple hot wire anemometry technique was developed to measure the 
concentration of helium tracer in the model downer and around the gas-solids 
separator. Some initial results of the study are presented to demonstrate the 
applicability of hot wires in measuring the gas phase RTD. 
BACKGROUND 
Knowledge of the RTD in a reactor may be obtained by measuring the concentration 
of a tracer in the reactor as time proceeds. Thin filament hot wire anemometers were 
used in this study to detect the presence of helium tracer in air. These sensors detect 
differences in the heat transfer characteristics of gas flow over the thin electrified 
resistive film or filament. Heat generated by the resistive element must be dissipated 
by the flowing gas, which results in decreased detector resistance or voltage. For 
fluid flow past a resistive element, the heat balance for the hot wire is given by 
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where Vw is the voltage applied to the detector, Rw is the resistance of the detector, 
hw is the heat transfer coefficient between the detector and the surrounding fluid, Aws 
is the heat transfer surface area of the detector, Tw is the temperature at the surface 
of the detector, and Tg is the gas temperature. 
Variation in gas composition as the gas flows over the hot wire is detected in the 
constant-voltage mode as a change in the probe resistance Rw. For most hot wire 
filaments, the resistance is linearly related to the probe temperature in the form 
  = ∆ + , (2) 
where ∆T = Tw - Tg and m and b are empirical coefficients of resistivity specific to the 
filament material. Substituting Equation (2) in (1) and solving for ∆T gives 
 . (3) 
Changes to ∆T in Equation (3) are due only to changes in hw and possibly to Vw if not 
operated in constant-voltage mode. The hot wire may be treated as a smooth 
cylinder, so that hw can be determined by the Churchill-Bernstein correlation (8) for 
external cross-flow over a cylinder. For known gas properties, extreme values of Rw 
may be calculated for pure carrier gas flow and for pure tracer. Measured values of 
Rw between these extreme values represent mixtures of carrier and tracer, and the 
concentration of tracer CHe may be inferred by interpolating in a theoretical curve of 
Rw for different gas mixture properties. 
The time-dependent input and output tracer concentration signals cin(t) and cout(t) are 
related to the RTD function e(t) by the convolution integral: 
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where t refers to the time domain and t1 is a shift of one of the functions relative to 
the other in the time domain. In the present study, cin and cout were measured and 
e(t) was unknown; hence, deconvolution was used to obtain the RTD function 
between any two given concentration signals. A fast Fourier transform algorithm was 
used to convert measured concentration signals to the frequency domain, where 
deconvolution is simplest. After obtaining the RTD in the frequency domain, the 
inverse Fourier transform was used to convert the RTD e(t) back to the time domain. 
MATERIALS & METHOD 
A model downer similar to the one used by Huard et al. (1) and Huard (2) 
constructed of transparent acrylic was used to perform cold flow gas phase RTD 
experiments as shown in Figure 1. The downer had an internal diameter of 6.99 cm 
and a total height of 133.5 cm. The cone deflector was attached to an adjustable rod 
to change the distance LS between the gas outlet and the cone rim from -1.40 cm to 
6.99 cm. Values of LS < 0 indicated that the cone rim was below the gas outlet. 
 
Figure 1 – Sketch of Experimental Model Downer 
Compressed air was used as the carrier gas in the downer. Three calibrated sharp-
edged orifice nozzles with diameters of 0.20 cm, 0.22 cm, and 0.31 cm were used to 
control the mass flowrate of air in the downer. The range of superficial gas velocities 
Ug in the downer was 0.30 m/s to 1.27 m/s for the present study. A tracer injection 
line was installed upstream of the downer as depicted in Figure 2. As shown in 
Figure 2, air was permitted to flow into the downer inlet either through the tracer gas 
injection line or the air bypass line. 
Before injection, solenoid valves on the injection line were opened and the bypass 
line was closed. Helium was then permitted to flow through the open injection line 
and into the downer for about one minute to flush the injection line. Both solenoid 
valves were then closed to trap tracer in the line. Next, the air bypass line was 
opened with a slight restriction in the line for strong preferential flow to the injection 
line during injection. Data logging was then initiated on the data acquisition system. 
Finally, the tracer injection was performed by opening sequentially the solenoid 
valves at the inlet and outlet of the injection line, respectively. The inlet valve was 
first opened to equilibrate the pressure between the flowing air and the trapped 
helium, while the outlet valve was opened about two seconds later to flush the 
injection line with air and inject the helium pulse into the downer. 
 Figure 2 – Schematic Diagram of Experimental Apparatus 
Three hot wire anemometers (Probes 1 to 3) were used to measure the 
concentration of helium, whose approximate locations in the downer are shown in 
Figure 2. Probe 1 was installed 5.1 cm below the downer inlet to measure the 
incoming helium concentration signal. Probe 2 was located 16.5 cm above the gas 
outlet just upstream of the gas-solids separator, and Probe 3 was located 47.0 cm 
downstream of the entrance to the gas outlet. These detection points allowed 
measurement of the RTD through the entire downer and across the gas-solids 
separator. A 6.0 VDC regulated power supply was used to power each probe circuit, 
which were operated in a mode similar to constant-voltage mode. This allowed for a 
very simple electronic setup but slightly sacrificed probe sensitivity compared to 
other standard operation modes. Each detector was connected in a Wheatstone 
bridge circuit to increase the sensitivity of the detectors. 
RESULTS & DISCUSSION 
Effect of Gas Velocity 
Gas phase RTD measurements were performed in the absence of solids to gain 
insight into potential gas backmixing in the reactor and around the gas-solids 
separator. The gas velocity Ug and separation length LS/D were adjusted to 
understand their respective effects on the RTD in the downer. The effect of gas 
velocity was investigated for the range of gas velocities Ug = 0.30 m/s to 1.27 m/s. 
This range corresponded to average residence times of 3.9 s to 0.92 s between the 
downer inlet and the gas outlet, and to residence times of 5.0 s to 1.2 s when also 
including the reactor volume below the gas outlet. Hence, the gas outlet was an open 
boundary through which the flow could penetrate. 
Figures 3(a) and 3(b) show typical normalized helium concentration CHe curves 
measured at Probes 1, 2, and 3 and the corresponding RTD curves for Ug = 1.05 m/s 
and LS/D = 0. Concentration measurements were acquired at 500 Hz. Huard (2) 
showed that maximum particle removal efficiency in the separator occurred at LS/D = 
0 for the operating conditions expected in the actual pyrolysis process in the downer 
reactor. Hence, this condition was of particular focus in the present study. 
 
Figure 3 – Measured downer concentration signals and corresponding RTD curves 
for Ug = 1.05 m/s and LS/D = 0 
The RTDs shown in Figure 3(b), obtained by deconvolution of the concentration 
signals, indicated some spreading and potential bypassing of the initial helium pulse 
in the downer upstream of the gas-solids separator. This was indicated by a bimodal 
RTD curve e1-2 (i.e. RTD between Probes 1 and 2) in Figure 3(b). A small secondary 
peak was also observed in curve e2-3 as shown in Figure 3(b), which indicated some 
backmixing around the gas-solids separator. Although future introduction of solids 
would likely increase backmixing in the reactor, these initial results confirmed the 
possibility to operate the downer close to the plug flow regime. 
The severity of backmixing was gauged by analyzing the average residence time and 
variance of the measured RTDs. Figure 4 shows the actual average residence time 
and variance of the measured RTD curves for the range of tested gas velocities. As 
shown in Figure 4(a), the measured residence times in the downer before the 
separator were reasonably close to the nominal values calculated by dividing the 
reactor volume by the volume flowrate, which confirmed near plug flow and use of 
the deconvolution technique. Based on the RTD variance curves shown in Figure 
4(b), the gas-solids separator was the major contributor to RTD spreading for all 
tested gas velocities. This result indicated very little RTD spreading and backmixing 
in the downer before the separator. 
Another important indicator of reactor performance was the effective gas penetration 
length LP. This indicator represented how far the gas “effectively” flowed past the gas 
outlet based on the measured residence time compared to the nominal residence 
time between the inlet and the gas outlet. In other words, measured residence times 
longer than the nominal values gave LP > 0, indicating gas flow below the outlet. 
Measured residence times shorter than the nominal values gave LP < 0, indicating 
either no gas flow past the outlet or bypassing. The effect of gas velocity on LP is 
shown in Figure 4(c). The results show that gas did not penetrate past the gas outlet 
for velocities Ug ≤ 0.79 m/s, which corresponded to short durations in the gas-solids 
separator. Long penetration lengths past the outlet were observed for gas velocities 
Ug ≥ 1.05 m/s. Penetration past the gas outlet did not necessarily correspond to 
backmixing, but the relative duration in the separator was much longer for LP > 0. 
This result also indicated that future use of stripping gas below the gas outlet would 
likely decrease the penetration length and separation time. 
 
Figure 4 – Effect of Gas Velocity on Average Residence Time, Variance, and 
Effective Penetration Length 
Effect of Separation Length 
The effect of separation length on the residence time, variance, and penetration 
length in the downer was investigated over the range of LS/D = -0.2 to LS/D = 1.0. 
The gas velocity was set at Ug = 1.27 m/s to represent the actual pyrolysis process 
operating conditions. As shown in Figure 5(a), a modest increase in the residence 
time with decreasing separation length was observed for 0 ≤ LS/D ≤ 1.0. 
Considering also the gas-particle separation efficiency, which increased with 
decreasing separation length to a maximum at LS/D = 0 for similar operating 
conditions (2), the present results suggest that there may be a trade-off between 
separation efficiency, residence time, and backmixing for optimum process 
performance in the downer. However, for LS/D = -0.2, an enormous increase in the 
residence time, variance, and penetration length was observed. This indicated very 
significant backmixing below the gas outlet and gas flow reaching the solids outlet. 
Hence, this operating condition must be avoided to achieve plug flow in the reactor 
and to avoid pyrolysis product vapor degradation. 
  
Figure 5 – Effect of Separation Length on Residence Time, Variance, and 
Penetration Length 
CONCLUSION 
A simple hot wire anemometry technique was developed and used successfully to 
measure the gas phase RTD in a downer reactor. The measured RTD curves show 
near plug flow behavior in the downer for most tested operating conditions. Some 
gas backmixing was observed around the gas-solids separator at high gas velocity 
and for very short separation lengths. The most severe backmixing occurred for LS/D 
= -0.2. The best operating conditions for near plug flow in the reactor were Ug = 1.27 
m/s and for separation lengths LS/D ≥ 0. 
NOTATION 
Aws Hot wire heat transfer surface area [m2] 
b Empirical coefficient of electrical resistivity [Ω] 
CHe Normalized concentration of helium [-] 
cin(t) Input tracer concentration [kg/m3] 
cout(t) Output tracer concentration [kg/m3] 
D Downer internal diameter [cm] 
Dw Hot wire diameter [mm] 
E(s) Residence time distribution function in the frequency domain [-] 
e(t) Residence time distribution function in the time domain [-] 
hw Heat transfer coefficient between the hot wire and the surrounding 
fluid [W/m2K] 
LS Vertical distance between gas outlet and cone deflector rim [cm] 
m Empirical coefficient of electrical resistivity [Ω/K] 
Rw Hot wire probe resistance [Ω] 
s Frequency domain [s-1] 
Tw Hot wire surface temperature [K] 
Tg Ambient gas temperature [K] 
t Time [s] 
Ug Superficial gas velocity [m/s] 
Vw Voltage applied to hot wire [V] 
σ
2
 Variance [s2] 
τavg Average residence time [s] 
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